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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
Presented is a numerical modeling analysis of the stress-strain behavior of composite overwrapped pressure vessel with a metal 
liner loaded by internal pressure. The proposed model is based on finite element method and considers elasto-plastic behavior of 
the liner, the fiber orientation angle in composite material and contact between liner and composite shell. The model allowed 
solving problems of determination of stress-strain state, degradation of composite material and fracture assessment of crack-like 
defect in the liner. The results revealed the effect of propagation of initial defects in composite shell and the critical size of 
surface crack.
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1. Introduction
Composite ov rwrapp d pressur  vessels (COPV) offer a great potential for using in advanced structures such as 
spacecraft and communications satellites by providing the highest weight efficiency and durability. Considering the 
high design req irements for these structures the problems of strength and reliability of composite pressure vessels 
are of the highest priority. It requires development of advanced approaches for strength analysis using the 
contemporary methods of numerical modeling.
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Fig 1. Composite overwrapped pressure vessel.
The COPV discussed in this paper is designed to store pressurized xenon gas for an electric propulsion system on 
a satellite. It is manufactured by continuous winding of carbon-epoxy fibrous tapes over a thin-walled titanium liner 
(Fig. 1). The carbon overwrap provides strength and stiffness, while the titanium liner ensures leak tightness.
There are a number of factors that affect the strength of COPV. During forming, testing and operation the liner
goes through high plastic deformations. It makes possible the initiation and growth of crack-like defects in the liner. 
Due to technology of winding the composite shell has a scattering of strength properties. It can lead to initial defects 
after testing, which may propagate during operation. Despite this, the liner must prevent the leakage of gas and the 
composite shell must retain stiffness for a long operational time.
To perform strength analysis of COPV considering these factors the finite element model was made in ANSYS
which allowed solving the following tasks:
• evaluation of stress-strain state
• simulation of damage propagation in a composite shell
• fracture assessment of a surface crack in the liner
2. Finite element model
2.1. General terms
The composite shell of COPV has multiply structure with varying thickness and fiber orientation angles. It makes 
a finite element modeling more complicated and requires the use of special procedures to set correct geometry and 
mechanical properties. For that reason a finite element model of COPV was developed using APDL (ANSYS 
Parametric Design Language). It provides the multi-zone lay-up simulation of composite winding based on thickness 
calculation described by Vasiliev et al. (2003) and Wang et al. (2010):
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where tR is the thickness of composite shell on the major axis, R is the radius of major axis, r0 the pole hole radius, 
w is the fiber tape width and Ai are coefficients of thickness approximation in the vicinity of the pole hole.
The profiles of composite thickness distribution with different number of layers modeled by this approach are 
shown in Fig. 2.
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Fig 2. The profiles of composite thickness distribution for multi-zone windings.
The composite shell is made by geodesic winding, which is governed by the Clairaut equation. The fiber 
orientation angle can be derived in the following:
( ) .sin 01
r
rr −=ϕ (2)
According to the resulting winding sequence [-φ/+φ]n the composite can be considered as orthotropic material.
The mechanical properties of that material are gradually changing accordingly to the fiber orientation angle. To take 
this effect into account, the mechanical properties for each finite element in the composite shell were calculated
individually by transforming the transversely isotropic properties of a single fiber ply: Е1 = 165 GPa, 
Е2 = Е3 = 7.8 GPa, υ12 = υ13 = 0.32, υ23 = 0.45, G12 = 3.4 GPa.
The multilinear isotropic hardening model was adopted for the liner material with the following mechanical 
properties: elastic modulus E = 110 GPa, yield strength σy = 340 MPa, ultimate strength σu = 415MPa, Poisson’s
ratio υ = 0.32. The contact effect between liner and composite shell were taken into account with the friction 
coefficient equal to 0.2.
Three finite element models were created on the basis of the above data: axisymmetric model, 3D-shell model 
and 3D-solid model (Fig. 3). The axisymmetric model was used for preliminary analysis of stress-strain state of 
COPV. The main advantage of this model is a lower solution time. That makes it suitable for express analysis of 
various designs. The 3D-shell model had an option of material degradation to study the effects of composite damage. 
The 3D-solid model is best suited for detailed calculation of stresses and strains near stress concentrations such as 
welds and cracks.
The considered effects of contact, plasticity of liner and damage of composite shell lead to highly nonlinear 
numerical problem which requires a lot of computational resources. For that reason the 3D finite element models of 
COPV was presented as an angular sector with the corresponding cyclic symmetry conditions.
Fig 3. Three versions of finite element model of COPV.
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2.2. Composite damage model
The damage of composite shell was modeled by using layered 3D-shell finite elements and appropriate ANSYS 
procedures. In each layer the damage initiation was predicted by Hashin’s criteria considering four failure modes: 
the fiber tension and compression, the matrix tension and compression (Hashin 1980). The appropriate strength 
values were set at random for every ply in each finite element according to the normal distribution with a coefficient 
of variation equal to 0.15. The mean values were set as following: Xt = 1400 MPa, Xc = 1500 MPa, Yt = 1500 MPa, 
Yc = 3000 MPa, where Xt and Xc are the axial tensile and compressive strengths, Yt and Yc are the transverse tensile 
and compressive strengths. The shear failure mode was not considered as the composite shell mostly is under 
tension. The material degradation in damaged layer was simulated according to continuum degradation model based 
on the energy dissipated due to failure described by El-Sisi et al. (2015).
2.3. Fracture analysis of the liner
To assess fracture caused by crack-like defects the 3D-solid model of COPV was analysed. The model contained
semi-elliptical crack on the internal surface of the liner. The solution was performed using submodel technique
which allows analysing the crack region separately from global model applying the appropriate boundary conditions 
(Fig. 4).
The liner undergoes high elasto-plastic deformations during loading. It requires using relevant criteria to assess 
fracture. The most appropriate criterion is an energy fracture criterion in form of J-integral. The J-integral was 
calculated in finite element model for cracks of different sizes by domain integration method proposed by 
Shih et al. (1986).
2.4. Loading sequence
During simulation the load was implemented in three serial load steps by gradually applying uniform pressure to 
the inner surface of liner. On the first load step the testing pressure of 13 MPa was applied. On the second load step 
the COPV was totally unloaded. On the last load step the COPV was loaded to its maximum pressure until
spontaneous damage occurs. This loading sequence allowed to take into account effects of liner hardening and initial 
damage of composite shell after test loading.
Fig 4. Finite element model of the surface cracked liner.
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Fig 5. Diagrams of total strains in the liner for different number of composite layers
3. Results and discussion
When assessing the liner leakage the elasto-plastic strains are of considerable interest. Based on results obtained 
on series of calculations with a different number of composite layers the diagrams of total strains along the cross-
section of the liner were created (Fig. 5). As it can be seen from the graph, the increase of number of layers leads to a
proportional reduction of strains in the liner. In this way the higher stiffness of composite shell the higher strength 
and leak resistance of the liner. Analysis of these and other factors allows giving recommendations for optimizing 
the design of COPV so that to reduce the level of plastic deformations. It is especially important for stress 
concentrators such as weld joints or thickness changes.
The damage modeling of the composite shell was carried out taking into account initial defects in composite. The 
initial defects were derived by applying test pressure on the first load step. Then the COPV was unloaded. The 
damage obtained after these two steps was considered as the initial conditions for the final step. It should be noted 
that the accumulation of damage was also observed during the unloading process that can be explained by 
redistribution of stresses from the failed elements to the less damaged areas of the composite shell. The random 
variation of strength also contributes to the phenomenon.
Calculations have shown that partially failed elements continue to accumulate damage during final loading. At the 
same time new zones of damage initiation appear around the initial defects. Distribution of damaged elements at
various stages of loading is shown in Fig. 6a.
To assess the effect of the initial defects in composite shell the generalized parameter of damage D was used. It 
characterizes the proportion of fractured fibers and defines as ratio of summarized damage in all finite elements to 
the total number of elements. Calculation results of normalized the burst pressure P/Pmax depending on the initial 
damage D0 are shown in Fig. 6b where Pmax is the maximum burst pressure without initial damage in composite 
shell. The shape of the curve implies a significant influence of defects on the strength of the pressure vessel. This 
confirms the results of other numerical and experimental studies made by Thionnet et al. (2014) and Chou et al. 
(2015) that the failure of fibers is the most critical type of damage in layered composites.
Fig 6. (a) stages of damage propagation in composite shell; (b) burst pressure depending on the initial damage.
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Fig 7. J-design curves for various cracks in the liner.
The calculation results of J-integral JI for various crack sizes presented in the form of J-design curves which were 
proposed by Turner (1982) are shown in Fig. 7. It had been observed in studied cases that the various forms of the 
crack had no significant effect. Thus, the similar curves obtained for different ratios of a/t and a/c allowed to make 
average approximation:
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where σeq is average equivalent stress on the border of the submodel.
Equation (3) can be used to assess the effect of crack-like defects on the COPV strength and defining the limit 
condition considering stresses and strains in the crack area, the material properties and loads. As an example the 
dependence of the critical crack size ac on the internal pressure was obtained (Fig. 8). The stresses were taken in the 
zone where the flange and the liner are connected. The JI was equated to the fracture toughness JIc = 28 N/mm.
4. Conclusions
In this paper, an efficient finite element model of COPV was developed using ANSYS software package. Three 
types of the models were combined in a complex approach for strength analysis. It considered the nonlinear effects 
of stress-strain behavior of COPV such as elasto-plastic deformation, contact and degradation of material. The 
evaluated results included strain diagrams of the liner, magnitude of the burst pressure depending on initial damage
of composite and critical size for semi-elliptical crack in the liner.
Fig 8. Pressure against critical size of the crack in the liner.
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